VNTRs. This assay showed that these 10 VNTR loci were useful for distinguishing isolates of V. parahaemolyticus that had different DGREA patterns and also isolates that belong to the same group. Isolates that differed in their DGREA patterns showed polymorphism in their VNTR profiles. A total of 81 isolates was associated with 59 MLVA groups, providing fine-scale differentiation, even among very closely related isolates. The developed approach enables rapid and high-resolution analysis of V. parahaemolyticus with pandemic potential and provides a new surveillance tool for food-borne pathogens.
Food-borne infections by Vibrio parahaemolyticus cause gastroenteritis, which is the most common clinical manifestation (38) . An increasing number of V. parahaemolyticus infections and outbreaks caused by strains belonging to a pandemic clonal complex have been observed throughout the world since 1996 (2, 6, 9, 12, 13, 31, 32, 36, 40) . Epidemics of Vibrio parahaemolyticus in Chile have occurred since the summer of 1998 and were caused by the pandemic clone O3:K6 that had emerged in Southeast Asia in 1996 (12, 13, 15) . However, this strain was only a minor component of a highly diverse V. parahaemolyticus population in shellfish, as demonstrated by an improved method for restriction enzyme analysis, using total bacterial DNA, named direct genome restriction enzyme analysis (DGREA), in combination with conventional gel electrophoresis (12) . This method has a discrimination index similar to that of restriction fragment length polymorphismpulsed-field gel electrophoresis (PFGE) (12, 13, 19) .
A variety of molecular typing methods have been applied to V. parahaemolyticus, such as ribotyping (3, 10, 14) , PFGE (3, 30) , group-specific PCR (32) , arbitrarily primed PCR (18, 32, 36) , and multilocus sequence typing (7, 16) . The use of DGREA permitted discrimination of different V. parahaemolyticus Chilean isolates and showed that these bacteria consist of a highly diverse population comprising at least 23 different genotypic groups among the environmental isolates obtained from shellfish and 5 different groups of clinical isolates (19) . Epidemiological analyses of infections caused by pathogenic bacteria depend on the accurate identification of strains, preferably at the clonal level. Variable-number tandem repeats (VNTRs) comprising short sequence repeats constitute a rich source of genetic polymorphism and have been used extensively as markers for discrimination between strains of many different bacterial genera (27, 46) . VNTRs have been used to discriminate among individual strains within several food-or waterborne pathogens with little genetic variation, including Escherichia coli O157:H7 (25, 35) , Pseudomonas aeruginosa (37) , Staphylococcus aureus (41) , and Salmonella enterica subsp. enterica serovar Typhimurium (26) , and to characterize other important human pathogens, such as Neisseria meningitidis (42) , Listeria monocytogenes (28) , Legionella pneumophila (34, 39) , Leptospira interrogans (43) , and Mycobacterium tuberculosis (45) . VNTR loci have even been found in genetically highly homogenous pathogens, such as Bacillus anthracis (1, 21, 29) . Multiple-locus VNTR analysis (MLVA) is defined as the analysis of a set of loci spread throughout the bacterial genome (23) . Individual strains within a bacterial species often maintain the same sequence elements but with different copy numbers due to variations introduced by slipped-strand mispairing during DNA replication (33) .
Recently, a study of the polymorphism of tandem repeats in V. parahaemolyticus showed the utility of the MLVA approach for characterizing recently emerged and highly homogeneous pandemic strains of serotype O3:K6 (22) . These authors reported a scheme of eight genomic VNTR loci, comparing PFGE results for clinical strains of V. parahaemolyticus serotype O3:K6. The study by Kimura et al. (22) comprised only strains of serogroup O3:K6 and used conventional gel electrophoresis to evaluate VNTRs. In epidemiological studies, a more rapid technique is needed for mass application of MLVA that also provides improved resolution and has been validated for nonserogroup O3:K6 isolates. Capillary electrophoresis has become the preferred technology to improve resolution and accuracy in bacterial VNTR analysis due to the availability of multiple fluorescent labels and better accuracy and reproducibility (27) .
In our study we describe the use of an improved MLVA for discriminating genotypically a diverse collection of clinical and environmental V. parahaemolyticus isolates from Chile. These very closely related isolates have been analyzed and grouped by DGREA previously (12) . To this end, we developed and applied multiplex PCR of 10 VNTR loci, tagged with multiple fluorescent dyes, and analyzed the amplicons by capillary electrophoresis. The results demonstrated that MLVA typing is able to distinguish between V. parahaemolyticus isolates that have different DGREA patterns and isolates that belong to the same group, allowing accurate sizing of amplicons by assignment of the fragment size. Validation of this typing method with 113 Chilean isolates demonstrated the utility of this technique also for nonserogroup O3:K6 clinical isolates, thereby providing a new tool for the study of the molecular epidemiology of V. parahaemolyticus.
MATERIALS AND METHODS
Bacterial strains. A total of 113 Vibrio parahaemolyticus strains, originally isolated from a variety of sources (clinical and shellfish samples) from 2004 to 2007 during Chilean outbreaks, were used in this study (see Table S1 in the supplemental material). For comparative reasons, the reference strains RIMD2210633 (VpKX) and ATCC 17802 (VpD) from the Research Institute for Microbial Diseases and the American Type Culture Collection were included. The genotypic characterization of these isolates using DGREA has been reported previously, including the determination of principal virulence markers (12) .
Growth and DNA extraction. Strains were cultured overnight at 37°C on Luria Bertani broth containing 3% NaCl. DNA was extracted with the Wizard genomic kit (Promega). DNA was quantified by UV absorption using a NanoDrop ND-1000 spectrophotometer (PeqLab Biotechnologie GmbH, Germany). Diluted samples of 1 ng/l in water were used as DNA template for PCR amplification.
Design of VNTR primers. The genome sequences of the two chromosomes of V. parahaemolyticus RIMD2210633, deposited in GenBank under accession numbers NC004603 and NC004605, were used to detect the VNTR loci. Analysis using the Tandem Repeats Finder program (http://tandem.bu.edu/trf/trf.html [23] ) and the microorganism tandem repeat database (http://minisatellites.u -psud.fr) were used to identify potential VNTR loci. Primer3 (http://biotools .umassmed.edu/bioapps/primer3_www.cgi) was used to design PCR primers for amplifying the loci within the flanking regions. Additionally, dedicated programs (Python language) were also used to help analyze previous results in order to select proper primers. Some VNTR loci used in this analysis have been described previously by Kimura et al. (22) . However, the primer for the VPTR7 locus was redesigned and called VPTR7-1 to obtain a longer PCR product (243 instead of 221 bp). Four more primer pairs were designed in this study for loci: VP1-11, VP1-17, VP1-10, and VP2-07.
VNTR PCR amplification. A total of 12 VNTR loci selected for MLVA were amplified in three multiplex PCRs named MultiA (VPTR7, VPTR5, VP1-11, and VPTR2), MultiB (VP1-17, VPTR1, VPTR8, and VP1-10), and MultiC (VP2-07, VPTR4, VPTR3, and VPTR6). Forward primers were labeled with VIC, PET, NED, and 6-carboxyfluorescein (6-FAM) (Applied Biosystems) at the 5Ј end. Reverse primers were synthesized unlabeled (Operon, Germany) ( Table 1 ). The PCRs were performed using the Qiagen multiplex PCR kit (Qiagen, Germany). DNA (2.5 ng) was amplified in a 25-l reaction mix containing 12.5 l of 2ϫ multiplex PCR master mix, 2.5 l of 10ϫ primer mix, and RNase-free water. Primer mix (10ϫ) contained a final concentration of 0. DNA sequencing of PCR products. The PCR products from four strains, including the reference strain RIMD2210633, were sequenced using the same primers used to amplify the VNTRs to verify the genetic basis of the results from MLVA. Sequencing reactions were performed using the BigDye Terminator technology according to the manufacturer's protocol (Applied Biosystems), and products were analyzed in an ABI 3130xl capillary electrophoresis system (Applied Biosystems). Data obtained with forward and reverse sequencing primers were combined, and the alignments were obtained using BioEdit (17) .
Capillary electrophoresis of fluorescently labeled PCR products. The PCR products were purified using MinElute PCR purification kit (Qiagen), and DNA was eluted in buffer EB (10 mM Tris-HCl, pH 8.5; Qiagen). Prior to capillary electrophoresis, PCR products from the three multiplex reactions were diluted in distilled water 1:100 for MultiA and MultiB and 1:200 for MultiC. Diluted PCR products (1 l) were mixed with 8.85 l HiDi formamide (Applied Biosystems, Foster City, CA) and 0.15 l GeneScan LIZ1200 size standard (Applied Biosystems), containing 68 single-stranded labeled fragments in the range of 20 to 1,200 bp. Samples were pipetted into a 96-well microtiter plate, denatured for 3 min at 95°C, and cooled on ice for at least 1 min, and the microtiter plate was centrifuged briefly at 500 rpm in a Multifuge 1 centrifuge (Heraeus, Germany). Electrophoresis was performed on a 3130xl sequencer (Applied Biosystems) equipped with 50-cm capillaries, using POP-7 polymer, with the recommended running parameters for the GeneScan LIZ1200 size standard, for 2.5 h, with a running voltage of 8.5 kV and an injection voltage of 15 kV. Each VNTR locus was identified by color and assigned a size by the GeneMapper software version 3.7 (Applied Biosystems) using settings for microsatellite analysis.
Data analysis and statistics. The number of repeats in the alleles was estimated by subtracting the invariable flanking region from the amplicon size divided by the repeat unit length, as determined for reference strain RIMD2210633. Allele sizes obtained by GeneMapper were converted into repeat numbers using Microsoft Excel and the following equation: number of repeats (bp) ϭ fragment size (bp) Ϫ flanking regions (bp)/repeat size (bp). Flanking regions were deduced from the sequenced PCR products of several strains. The allelic profiles for 12 loci were defined as the number of repeats at each VNTR locus, in the following order: VPTR7, VPTR5, VP1-11, VPTR2, VP1-17, VPTR1, VPTR8, VP1-10, VP2-07, VPTR4, VPTR3, and VPTR6. The designation "not amplified" was given when no PCR amplification was observed at a given locus. The null allele (represented by "0") designates a locus that contains both flanking sequences but no repeat unit. The similarity of allele numbers across all strains was calculated by the Euclidean distance algorithm on nonnormalized data, and using hierarchical agglomerative clustering, a dendrogram was constructed by the complete linkage method (PRIMER6) (8) . The Hunter-Gaston diversity index was calculated as previously described (20) , using the VNTR diversity and confidence extractor software (V-DICE) available at the Health Protection Agency bioinformatics tools website (http://www.hpa -bioinfotools.org.uk/cgi-bin/DICI/DICI.pl).
RESULTS
Identification of VNTR loci in V. parahaemolyticus. Twentyfour likely VNTR loci were identified in the available genome sequence of V. parahaemolyticus RIMD2210633 using Tandem Repeat Finder (4) and the microorganism tandem repeat database (23) . These loci were tested for typing on a set of 18 genetically diverse V. parahaemolyticus strains ( Table 2 ). The strains had been characterized previously by DGREA (12) and belonged to different genotype groups. Present approaches rely upon systematic testing, especially for species in which only one genome has been sequenced (24) , as is the case for V. parahaemolyticus. Some repeat regions varied in composition between the strains, and others could not be amplified from a number of strains tested (Table 2) . Other loci were not tested because the sizes of the products with the predicted primers were too close in size to those of other VNTR products ( Table 3) .
MLVA of V. parahaemolyticus using capillary electrophoresis. A total of 113 isolates comprising the genome-sequenced strain (VpKX, RIMD 2210633), the type strain (VpD, ATCC 171802), and clinical and environmental V. parahaemolyticus isolates obtained from Chilean outbreaks were analyzed to generate MLVA typing data. Three multiplex PCRs, comprising 12 loci (Table 1) , were performed and subjected to capillary electrophoresis. The obtained electropherograms permitted us to see defined peaks, in which each locus was identified according to its size range and color (Fig. 1 ). The PCR primers described by Kimura et al. (22) were used to amplify V. parahaemolyticus-specific VNTR loci, named VPTR7, VPTR5, VPTR1, VPTR8, VPTR4, VPTR3, and VPTR6. We designed the following primers to amplify the new loci: VP2-03, VP1-11, VP1-17, VP1-10, and VP2-07 (VP stands for V. parahaemolyticus, and 1 and 2 stand for the chromosome number). For the VPTR7 locus, we redesigned the primers used by Kimura et al. (22) to obtain a 243-bp PCR product instead of a 221-bp product to improve separation by capillary electrophoresis. Figure 1 shows three representative electropherograms of strain VpKX, RIMD2210633, for each multiplex PCR. In each case, we observed four differently colored peaks, each corresponding to a PCR product specific for one locus. The internal size standard displayed uniform band spacing, with sharp and defined peaks from 20 to 1,200 bp, thus allowing a precise determination of the PCR product sizes over the range needed, if the samples were run for 2.5 h. Using normal PCR conditions, MultiA and MultiB showed a series of peaks that were unexpected. We improved amplification of these two multiplexes using a touchdown PCR. The assays and the resulting tandem repeat profiles were highly reproducible, as determined by typing 10 representative strains three times, with the replicates showing identical results (data not shown).
Description of MLVA profiles. To perform an MLVA, we included in our assay the VNTR loci used by Kimura et al. (22) , VPTR1 (the same as VP1-16), VPTR3, VPTR4, VPTR5, VPTR6 (the same as VP1-12), VPTR7, and VPTR8, and the loci that showed the expected polymorphism, VP1-10, VP1-11, and VP2-07 (the same as VPTR2). The molecular characteristics of these loci are summarized in Table 3 . The minimum and maximum sizes for all loci were based on the PCR products obtained in some strains, and we used these data for setting the marker sizes in GeneMapper version 3.7. The total flanking regions were calculated according to the obtained sequences. These numbers were used for all strains analyzed to calculate the number of repeats for each locus based on the fragment size (see Table S2 in the supplemental material). This Variability of VNTRs in V. parahaemolyticus isolates and allelic diversity. To find loci with multiple alleles and variability, we amplified the isolates with 12 sets of VNTR primers (Table 1) . Two loci, VP2-03 and VP1-17, did not show polymorphism in the product sizes and were therefore excluded from the assay. No amplification, or null variants, was observed for the locus VP2-07 (Table 1 ) in all isolates of DGREA group 187 (100%) and for locus VPTR7 in isolates of DGREA group 1.5 (82%). This lack of amplification could be due to some differences in the sequences of the flanking regions. One allele per locus was detected in 72% of the analyzed isolates, and in the remaining 32 isolates (28%), more than one allele was found in some loci, including slightly different-sized alleles, illustrating the greater sensitivity of capillary over conventional gel electrophoresis (see Table S2 in the supplemental material). Coincidentally, the VNTRs (VPTR1, VP2-07, and VPTR6) that had more repeat units in the genome-sequenced strain VpKX (Table 3) showed more allelic diversity in several strains, i.e., higher intragenomic diversity.
Analysis of the genetic diversity of the VNTR loci for V. parahaemolyticus strains varied among the various loci ( Table  4 ). The locus VP2-07 showed the highest and most variable number of alleles between all loci, and also, VPTR1 was polymorphic, as was described previously (21) . Among all isolates, VP2-07 had 38 alleles, VPTR1 had 29, VPTR6 had 14, VPTR3 http://aem.asm.org/ had 16, VPTR8 had 12, VPTR4 had 11, VPTR5 had 10, VPTR6 had 8, VP1-10 had 7, VP1-11 had 5, and VPTR7 had 4. The diversity index for VNTR data measures the variation of the number of each locus and ranges from 0.0 (no diversity) to 1.0 (complete diversity). Hunter and Gaston's index of diversity (V-DICE) was calculated for the combined typing set and for each loci and showed the highest index (D ϭ 0.949) for VP2-07.
Comparison of DGREA and MLVA of V. parahaemolyticus. On the basis of DGREA, the 113 strains were subdivided into 25 distinct genotypes. Clonal isolates that belong to the same group (by DGREA patterns) are distinguishable by differing VNTR patterns. Also, isolates that differed in their DGREA patterns showed polymorphism in the VNTR profiles. Altogether, 59 different allele combinations (MLVA types) have been found among 81 isolates with unique alleles in each locus that belong to 20 different DGREA groups (see Table S2 in the supplemental material). Thirty isolates that belonged to DGREA group KX were distinguished in 19 different MLVA types, 17 isolates of DGREA group 118 in 9 MLVA types, 2 isolates of DGREA group 128 in 2 MLVA types, 4 isolates of DGREA group 187 in 4 MLVA types, 11 isolates of DGREA group 1.5 in 9 MLVA types, 7 isolates of DGREA group 34.6 in 5 MLVA types, and 11 isolates of different DGREA groups belonged to different MLVA types, except for PMA109.5, which corresponded to an MLVA type found in the KX isolates.
The MLVA types of V. parahaemolyticus were grouped into two main clusters by similarity matrices based on Euclidean distance and a complete linkage clustering (Fig. 2) . Generally, isolates in the same DGREA group clustered together, with the exception of PMA109.5, which clustered with the KX group, despite belonging to a different DGREA group. Isolates of the groups KX and 34.6 clustered in one genogroup, and isolates of groups 1.5, 118, 128, and 187 were grouped in a second genogroup (Fig. 2) . However, we saw differences between isolates of the same DGREA group. PMC29.7 was the only one that belongs to the KX group but was not clustered with the other isolates of this group. PMA88.5, which belongs to the 1.5 DGREA group, clustered in a different genogroup. Only one isolate of a different DGREA group showed the same MLVA profile as that of isolates from the KX group (PMA109.5). When we constructed a dendrogram with all 113 isolates, including those that had more than one allele in some loci, the genotype diversity increased (Fig.  3) . Cluster analysis revealed that each cluster contained sub- Finally, MLVA resulted in a differentiation of the V. parahaemolyticus isolates that belong to the same DGREA group, yielding more genogroups than DGREA.
DISCUSSION
The control of bacterial pathogens requires the development of tools allowing the precise identification of strains at the subspecies level. It is now widely accepted that these tools need to be DNA-based assays (5, 11, 34 (27) . The genome of V. parahaemolyticus has been shown to contain several polymorphic repetitive DNA elements where DNA motifs exist in multiple copies and can be used to discriminate between isolates. One of these which has been used in molecular typing studies for many bacteria is the analysis of polymorphic minisatellites, now referred to as VNTRs. It is well known that in these repeats, genomic events, such as DNA polymerase slippage and recombination, are often occurring. The result of these events is often a change in the size of the repeated tandem (44) . If these events occur with a high enough frequency, they will create variations between strains at the repeat loci. Kimura et al. (22) have shown that MLVA is a valuable typing technique for characterizing recently emerged and highly homogeneous pandemic strains of V. parahaemolyticus. The data demonstrate the utility of this approach for individual strain identification and for discriminating very closely related strains, such as V. parahaemolyticus serotype O3:K6 strains. To this end we have developed the first MLVA multicolor capillary electrophoresis method for high-resolution discrimination of V. parahaemolyticus isolates, which was validated using strains from Chilean outbreaks. Using multicolored dyes, it is possible to give MLVA amplicons different colors so that they can be run together and still be typed individually. Coupled with capillary electrophoresis, this is a very fast way of separating and assigning sizes to various VNTR loci in a single run. By applying this rapid and efficient approach, 32 isolates can be analyzed within 8 h during a run of a 96-well microtiter plate on a sequencer equipped with 16 capillaries.
The MLVA method was applied to 113 V. parahaemolyticus isolates that were genotyped previously by DGREA. The genotypes or profiles determined by MLVA can differentiate between isolates that belong to the same clonal group obtained by DGREA, showing a high discrimination power for the environmental and clinical isolates that were previously classified. All 81 isolates that showed one allele per locus and that belonged to 20 different DGREA groups could be distinguished in 59 different MLVA profiles. In MLVA, for which the target is well defined, the range and polymorphism index of each locus can be calculated and primers can be designed to be very specific. A high diversity index with a narrow confidence interval indicates accurate determination of the highly variable locus. The loci that we identified and used in this analysis were sufficiently variable to be used as molecular indicators to discriminate between samples.
The sizes of the PCR products determined by capillary electrophoresis in our assay deviated slightly in several cases from the reported sizes for genome-sequenced strain RIMD2210633 (Table 1) . This inconsistency might be due to the contribution of the different fluorescent dyes to the running distance, especially when we used VIC dye. However, the differences between sizes were reproducible and did not interfere with the genotyping.
The use of capillary electrophoresis in MLVA has many advantages. Slab gel preparation and manual sample loading will be replaced by automated analysis and data acquisition. Slab gels use an external size standard, and a mobility shift might cause data interpretation problems, whereas highly reproducible sizing is achieved by capillary electrophoresis using an internal size marker. The use of multiple dyes allows an easy interpretation of the electropherogram, especially in the case of overlapping amplicon sizes. Different alleles at each locus can be assigned allele numbers, like repeat numbers, which removes the uncertainties introduced when analyzing band patterns from gel images and can be used for strain comparison.
Schouls et al. (42) reported that in some cases the PCR yielded multiple bands, either due to the fact that some of the VNTR regions were present in several copies in the genome or due to a possible nonspecific PCR. These multiple bands could exist because some genomic duplications occurred during the evolution in some strains, most of them from environmental samples. Some of the tandem repeats could be direct repeats. Direct repeats are present in multiple copies in the genome and can be interspersed DNA repeats or tandem repeats. We observed that some tandem repeat loci had more than one allele. This phenomenon cannot be predicted if only one genome sequence of V. parahaemolyticus can be used to find tandem repeats. If more genome sequences are available, the polymorphic tandem repeats can be directly identified.
The high diversity index of locus VP2-07 suggests the highly polymorphic nature of this locus, which grants greater discriminatory power between similar strains. The two loci, VP2-07 and VPTR1, with the highest Hunter and Gaston index have higher copies of repeat numbers between the loci analyzed, and this may confer higher allelic variability, as we observed. Some selected loci appeared to show less diversity than others, and this could be due to the fact that the isolates were taken from a limited geographical area such as the Puerto Montt region. The selective use of some less-variable VNTR loci, such as locus VPTR7, may be especially informative regarding higher levels of evolutionary divergence. Locus VPTR7 is among the least diverse loci, with four alleles. This locus is polymorphic in some isolates of the KX DGREA group. The lack of amplification of locus VP2-07 in some isolates of DGREA group 187 and of VPTR7 in isolates of DGREA group 1.5 may be due to sequence diversity in the flanking regions up-or downstream from the repeat regions or the lack of the VNTR loci altogether. Despite the fact that there were no amplifications or null alleles of these loci, we could distinguish four different MLVA types in 100% of the isolates in the first case and nine MLVA types in 82% of the isolates in the second group using other loci.
In DGREA group KX at least 13 isolates were indistinguishable in their MLVA profiles, in two different subgroups (one with 10 and the other with 3), and these included isolates obtained from clinical and environmental samples and in different years. Some environmental isolates were genetically closer to clinical isolates than to other environmental isolates. This is very important because if nonpandemic strains belong to the pandemic group of strains, the pathogenic potential of the environmental isolates could increase due to gene exchange in the environment, specially if the genes transferred are important for virulence, like tdh and orf8, which are present in these environmental strains that clustered together with pandemic strains. Also, these isolates with the same MLVA types that were obtained in different outbreaks and occurred in different years probably have a common origin, which indicates widespread dissemination and persistence of that genotype over time in this area. Further investigations could add more detail to the depth of knowledge about the V. parahaemolyticus population and to understanding of the molecular epidemiology of this bacterium.
It is important to mention that none of the MLVA profiles of the Chilean isolates was identical to that of the pandemic strain VpKX. This result substantiates the hypothesis that during the Chilean outbreaks, a gradual evolution of the original strain occurred with respect to the VNTR loci, thereby causing an increase in diversity of V. parahaemolyticus strains in the region of Puerto Montt in Chile. Therefore, a future task is to obtain more isolates from this region and use the developed technique to understand better the emergence of pathogenic variants of this food-borne pathogen in its natural marine habitat.
In conclusion, MLVA of V. parahaemolyticus was advanced to multiplex PCR using 10 VNTR markers with fluorescent primers and automated capillary electrophoresis. This technology represents a powerful tool for the high-resolution genotyping of V. parahaemolyticus isolates. Its implementation demonstrates the genetic heterogeneity of the VNTR loci among isolates of the same DGREA group and provides the automation necessary for rapid and reliable production and management of the genotyping data. Clonal typing of V. parahaemolyticus might be useful for tracking the strains involved in recent outbreaks as well as for gaining insight into the ecology of the organisms in natural waters. We believe that the application of this automated typing system will enable large-scale genotyping of V. parahaemolyticus and provide a new tool for global epidemiological surveillance, leading to novel comprehensive insights into the population genetics and evolution of this human pathogen.
